EP 1 562 239 A1

Europdisches Patentamt

European Patent Office

(19) g)

(12)

Office européen des brevets

(43) Date of publication:
10.08.2005 Bulletin 2005/32

(21) Application number: 04252033.8

(22) Date of filing: 05.04.2004

(11) EP 1 562 239 A1

EUROPEAN PATENT APPLICATION

(51) Intcl.”. HO1L 41/047, HO1L 41/193,
HO1L 41/22

(84) Designated Contracting States:
AT BEBG CHCY CZDE DKEE ES FIFR GB GR
HU IEIT LI LU MC NL PL PT RO SE SI SK TR
Designated Extension States:
AL HR LT LV MK

(30) Priority: 03.02.2004 JP 2004027336
(71) Applicant: Japan as represented by Director

General of Agency of Shinshu University
Matsumoto-shi, Nagano 390-8621 (JP)

(72) Inventors:
¢ Hirai, Toshihiro
Ueda-shi, Nagano 386-0032 (JP)
¢ Endo, Morinobu
Suzaka-shi, Nagano 382-0028 (JP)

(74) Representative: Stuart, lan Alexander et al
Mewburn Ellis LLP
York House
23 Kingsway
London WC2B 6HP (GB)

(54)

(57)  An actuator (20) comprises: a flexible sheet
member (22) being made of a polymer material; and a
pair of electrodes (24) being respectively provided on
both faces of the sheet member (22), the electrodes (24)
being made of carbon nano fibers. The actuator (20) is
capable of greatly deforming the flexible sheet member
(22).

Polymer actuator comprising electrodes made of carbon nano-fibres

FIG.1

Printed by Jouve, 75001 PARIS (FR)



1 EP 1 562 239 A1 2

Description

[0001] The present invention relates to an actuator
and a material for electrodes of the actuator Preferably
the actuator is capable of greatly deforming a sheet
member made of a polymer material on application of
an electric field.

[0002] An actuator having a flexible sheet member
made of a polymer material and a pair of electrodes pro-
vided on the faces of said sheet member is known. The
sheet member is deformed by applying an electric field.
[0003] For example, a conventional actuator is dis-
closed in Japanese Patent Gazette No. 2000-49397.
The actuator is shown in Fig. 17. The actuator 10 has a
one-layer polyurethane film 12 and a pair of electrodes
11 provided on the faces of the polyurethane film 12.
Deformation (bending electrostriction) is caused by ap-
plying an electric field to the actuator 10. The electrodes
11 are formed on the both faces of the polyurethane film
12 by evaporating gold.

[0004] When the electrodes 11 are formed by evapo-
rating gold, fine particles of gold are stuck onto surfaces
of the polyurethane film 12.

[0005] By applying the electric field to the actuator 10,
the actuator 10 bends as shown in Fig. 18. Therefore,
the actuator 10 can be used to actuate other members.
By employing the bending action, various kinds of actu-
ators can be realized.

[0006] However, the deformationis sosmall, e.g., cur-
vature 1/R=36m""! (see the Japanese patent gazette),
that usage of the actuator is very limited.

[0007] The inventors of the present invention studied
and found that the deformation of the actuator was lim-
ited by a structure of the electrodes 11.

[0008] Namely, the electrodes 11 are formed by evap-
orating gold, so the fine particles of gold are stuck on
the polyurethane film 12 by evaporation and keep con-
tact each other. When the actuator 10 having such elec-
trodes 11 is deformed, the electrodes 11 are cracked so
that electric conduction is stopped. Therefore, the actu-
ator 10 cannot be greatly deformed itself. If the elec-
trodes 11 are made thick so as not to be cracked, the
polyurethane film 12 cannot bend.

[0009] A preferred embodiment of the present inven-
tion may provide an actuator capable of greatly bending
a flexible sheet member.

[0010] In other aspects, the present invention pro-
vides a material for electrodes of the actuator of the
presentinvention, use of such material, and methods of
making and using actuators.

[0011] The actuator of the present invention compris-
es:

a flexible sheet member being made of a polymer
material; and

a pair of electrodes provided on respective faces of
the sheet member, the electrodes being made of
carbon nano fibers.
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[0012] Inthe actuator, one end of the carbon nano fib-
ers constituting the electrodes may bite into the sheet
member.

[0013] In the actuator, the polymer material may be,
for example, polyurethane resin or silicone resin.
[0014] The material for electrodes of the actuator is
made of carbon nano fibers.

[0015] In the present invention, the electrodes are
made of carbon nano fibers, which can be merely in con-
tact each other, so that the electrodes can be flexible
and can fully follow deformation of the sheet member
with maintaining mutual contact. Therefore, the actuator
can maximally deform the sheet member.

[0016] Embodiments of the present invention will now
be described by way of examples and with reference to
the accompanying drawings, in which:

Fig. 1 is an explanation view showing a schematic
structure of an actuator of the present invention;
Fig. 2 is an explanation view on the basis of video
images showing deformation of the actuator having
a polyurethane sheet member, wherein 100 V is in-
putted to the actuator;

Fig. 3 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 150 V is
inputted to the actuator;

Fig. 4 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 200 V is
inputted to the actuator;

Fig. 5 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 300 V is
inputted to the actuator;

Fig. 6 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 400 V is
inputted to the actuator;

Fig. 7 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 500 V is
inputted to the actuator;

Fig. 8 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 600 V is
inputted to the actuator;

Fig. 9 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 700 V is
inputted to the actuator;

Fig. 10 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 800 V is
inputted to the actuator;

Fig. 11 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member, wherein 900 V is
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inputted to the actuator;

Fig. 12 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member including electro-
lyte, wherein 800 V is inputted to the actuator whose
electrodes are made of carbon nano fibers;

Fig. 13 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member including electro-
lyte, wherein 800 V is inputted to the actuator whose
electrodes are made of polypyrrole;

Fig. 14 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member including no elec-
trolyte, wherein 800 V is inputted to the actuator
whose electrodes are made of carbon nano fibers;
Fig. 15 is an explanation view on the basis of video
images showing deformation of the actuator having
the polyurethane sheet member including no elec-
trolyte, wherein 800 V is inputted to the actuator
whose electrodes are made of polypyrrole;

Fig. 16 is an explanation view on the basis of video
images showing deformation of the actuator having
a silicone film, wherein 800 V is inputted to the ac-
tuator;

Fig. 17 is an explanation view showing the structure
of the conventional actuator; and

Fig. 18 is an explanation view showing the defor-
mation of the conventional actuator.

[0017] Preferred embodiments of the present inven-
tion will now be described in detail with reference to the
accompanying drawings.

[0018] An actuator of the present embodiment is
shown in Fig. 1.
[0019] The actuator 20 has a sheet member 22 made

of a flexible polymer material. A pair of electrodes 24,
which are mainly made of carbon nano fibers, are re-
spectively provided on the both side faces of the sheet
member 22.

[0020] The electrodes 24 may be formed to cover the
whole side faces of the sheet member 22 or formed into
prescribed patterns.

[0021] InFig. 1, the electrodes 24 are formed to cover
the whole side faces of the sheet member 22 with uni-
form thickness. By applying an electric field to one end
to another electrode 24, the sheet member 22 is greatly
bended. If the electrodes 24 are patterned, the sheet
member 22 can be optionally deformed.

[0022] The polymer material of the sheet member 22
is not limited. For example, polyurethane, especially
polyurethane whose soft segment includes polyester
may be employed (see Japanese Patent Gazette
2000-49397).

[0023] Further, silicone gel, polyvinyl chloride, poly-
ethylene, polypropylene, PET, etc. may be employed as
the polymer material.

[0024] Conventionally, in the actuator which is de-
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formed by applying an electric field, a material, whose
molecules are oriented by a DC electric field, e.g., poly-
urethane elastomer including polycarbonate polyol, is
employed as the polymer material (see Japanese Pat-
ent Gazette No. 7-240544).

[0025] However, in the present embodiment, the im-
proved electrodes 24 can greatly deform, and polymer
materials, whose crystals have no orientation, can be
employed.

[0026] Note that, a plasticizer may be added to the
polymer so as to make a flexible polymer material.
[0027] Preferably, a little electrolyte, e.g., salt, is
doped to the polymer material. By adding the electrolyte,
an electric current of nA level can pass through the pol-
ymer material when the electric field is applied. Namely,
the polymer material may have electroconductivity,
which is as small as that of a semiconductor. Even in a
polymer material having perfect insulativity, e.g., sili-
cone gel, by doping the electrolyte, the material can be
relatively greatly deformed when the electric field is ap-
plied.

[0028] A material of the electrodes 24 is carbon nano
fibers. For example, carbon nano tubes, which are
formed by a vapor growth process, may be employed
as the carbon nano fibers. The carbon nano fibers
formed by the vapor growth process are very fine fibers
having diameter of dozens nm to one hundred and doz-
ens nm and length of less than 20 um.

[0029] Preferably, the material of the electrodes 24 is
constituted by carbon nano fibers only. But carbon com-
ponents, e.g., graphite, carbon, may be added to the
carbon nano fibers.

[0030] The electrodes 24, which is formed by the ma-
terial mainly made of carbon nano fibers, are respec-
tively provided on the both side faces of the sheet mem-
ber 22, which is made of the flexible polymer material.
[0031] Methods of forming the electrodes 24 will be
explained.

[0032] Firstly, a first method will be explained. Carbon
nano fibers are dispersed in a solvent, e.g., ethanol, to
form into paste. The paste is applied on the both side
faces of the sheet member 22 and dried. The dried car-
bon nano fiber layers become the electrodes 24. Then,
surfaces of the electrodes 24 are pressed by pressing
means, e.g., a roller, so as to completely adhere the
electrodes 24 on the side faces of the sheet member 22.
By pressing the electrode 24, one end of the carbon na-
no fibers bite into the side faces of the sheet member 22.
[0033] Note that, the carbon nano fibers may be coat-
ed with layers of electroconductive resin so as to prevent
the carbon nano fibers from falling off.

[0034] As described above, the carbon nano fibers
are very fine fibers, and the electrodes 24 are made of
many carbon nano fibers. Unlike the conventional elec-
trode made of fine particles of gold, even if the sheet
member 22 is greatly deformed, the flexible carbon nano
fibers constituting the electrodes 24 can follow the de-
formation of the sheet member 22 without separating
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each other. Namely, the mutual contact of the carbon
nano fibers can be maintained while the electrodes 24
follow the deformation of the sheet member 22.

[0035] Since the electrodes 24 are not cracked and
broken even if the sheet member 22 is greatly deformed,
function of the electrodes 24 can be maintained. There-
fore, the sheet member 22 can be greatly deform. Note
that, the sheet member 22 is originally greatly deform-
able.

[0036] In the present embodiment, the electrodes 24
are made of the flexible carbon nano fibers, which are
capable of following the deformation of the sheet mem-
ber 22 with maintaining their mutual contact, the sheet
member 24 can be maximally deformed.

[0037] Asdescribed above, one end of the carbon na-
no fibers can bite into the side faces of the sheet mem-
ber 22 by pressing the electrodes 24 with, for example,
the roller.

[0038] The inventors think that the ends of the carbon
nano fibers biting into the sheet member 22 emit elec-
trons when the electric field is applied to the electrodes
24.

[0039] Carbon fibers formed by the vapor growth
process have been used as fibers for a field electron
emitter. Electrons are emitted from sharp ends of the
carbon fibers when a high electric field is applied.
[0040] The inventors found that electrons concentrat-
edly emitted from the ends of the carbon nano fibers to-
ward an inner solid or gel part of the sheet member 22
when the electric field is applied to the electrodes 24.
With this action, the sheet member 22 can be effectively
deformed or bended.

[0041] Theinventors think that electric charges asym-
metrically exist in both edge parts of the sheet member
22, so that one edge part is contracted and the other
edge part is extended. Therefore, the polymer material
of the sheet member 22 is bended.

[0042] Asdescribed above, the ends of the carbon na-
no fibers bite into the sheet member 22, and electrons
are emitted from the ends toward the inner part of the
sheet member 22. With this action, electric charges can
be effectively charged, so that the asymmetrical exist-
ence of electric charges can be promoted. Therefore,
the sheet member 22 can be deformed with high respon-
sibility.

[0043] The electrodes 24 may be made of powderlike
material (aggregrated) too. In this case, the electrodes
24 are formed by uniformly scattering the powders onto
the side faces of the sheet member 22 and pressing the
powders with, for example, a roller. For example, sili-
cone gel has viscous surfaces, the powders can be ad-
hered on the side faces of the sheet member 22 made
of the silicone gel so that the electrodes 24 can be
formed. If the electrodes 24 are pressed, ends of the
carbon nano fibers can bite into the side faces of the
sheet member 22.

[0044] Successively, a second method of forming the
electrodes 24 will be explained.
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[0045] Powders of a material (carbon nano fibers) are
uniformly scattered on aflat steel plate. Then, an electric
field is applied to the steel plate. By applying the electric
field, the carbon nano fibers stands up. In this state, sil-
icone gel is fed on the upper face of the steel plate and
solidified, so that a flexible sub-sheet member having
an electrode can be formed on the steel plate. The sub-
sheet member having the electrode is peeled from the
steel plate. Further, another sub-sheet member having
an electrode is formed on an another steel plate by the
same manner. Rear faces of the two sub-sheet mem-
bers, on which no electrodes are formed, are mutually
adhered, so that the actuator 20 having the flexible
sheet member and a pair of the electrodes can be
formed.

[0046] In the both processes, the electrodes can be
formed much easier than the conventional electrodes,
which are formed by evaporating gold.

[0047] Thickness of the electrodes 24 are not limited.
As described above, the carbon nano fibers are gath-
ered and contact each other, so that mutual contact of
the carbon nano fibers can be maintained even if the
sheet member 22 is deformed. As far as the carbon na-
no fibers contact each other, the sheet member 22 is
made thinner so as to give higher flexibility. Further, the
thin actuator 20 can reduces manufacturing cost.
[0048] The thin actuator may be transparent or semi-
transparent, so they can be used as actuators of many
kinds of optical apparatuses.

[0049] Examples of the actuator will be explained.
(Example 1)
[0050] Example 1 is respectively shown in Figs. 2-11.

Figs. 2-11 are explanation views on the basis of video
images showing the deformation of the actuators. In
each example, the flexible sheet member was a poly-
urethane sheet (width 5 mm, length 20 mm and thick-
ness 0.20 mm), to which sodium acetate was doped.
The electrodes were made of carbon nano tubes and
formed by the first method. Applied voltage was 100-900
V (0.5-4.5 MV/m).

[0051] When the electric field was applied to one end
of each actuator, the actuator immediately slightly de-
forms (see a symbol "On" in each drawing). By increas-
ing the applied voltage, rate of the deformation was ac-
celerated, and degree of the deformation was in-
creased. Note that, in the drawings, symbols "5S" indi-
cate the deformation of the actuators when five seconds
elapsed from applying voltage, and symbols "15S" indi-
cate the deformation of the actuators when fifteen sec-
onds elapsed from applying voltage.

[0052] As clearly shownin Figs. 2-11, the sheet mem-
bers, in each of which the electrodes were formed on
the both side faces, were bended like arcs.

[0053] In Fig. 11, 900 V is applied to the electrodes.
Curvature of the maximum deformation 1/R was about
100m-" (a radius of curvature was about 10 mm). There-
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fore, a great deformation was attained.
(Example 2)

[0054] Example 2 is shown in Fig. 12. Fig. 12 is an
explanation view on the basis of video images showing
the deformation of the actuator. In this example, the flex-
ible sheet member was a polyurethane sheet (width 5
mm, length 20 mm and thickness 0.20 mm), to which
sodium acetate was doped. The electrodes were made
of carbon nano tubes. Applied voltage was 800V (4 MV/
m). Fig. 12 shows deformation of the actuator immedi-
ately after applying voltage and that after several sec-
onds elapsed from applying voltage.

[0055] A comparative example with respect to the Ex-
ample 2 is shown in Fig. 13. Fig. 13 is an explanation
view on the basis of video images showing the defor-
mation of the actuator. In this comparative example, the
flexible sheet member was a polyurethane sheet (width
5 mm, length 20 mm and thickness 0.20 mm), to which
sodium acetate was doped. The electrodes were made
of polypyrrole. Applied voltage was 800 V (4 MV/m). Fig.
13 shows deformation of the actuator immediately after
applying voltage and that after several seconds elapsed
from applying voltage.

[0056] According to Figs. 12 and 13, the deformation
of the actuator, whose electrodes were made of carbon
nano fibers, was much greater than that of the actuator,
whose electrodes were made of polypyrrole.

(Example 3)

[0057] Example 3 is shown in Fig. 14. Fig. 14 is an
explanation view on the basis of video images showing
the deformation of the actuator. In this example, the flex-
ible sheet member was a polyurethane sheet (width 5
mm, length 20 mm and thickness 0.20 mm), to which no
electrolyte was doped. The electrodes were made of
carbon nano tubes. Applied voltage was 800 V (4 MV/
m). Fig. 14 shows deformation of the actuator immedi-
ately after applying voltage and that after several sec-
onds elapsed from applying voltage.

[0058] A comparative example with respect to the Ex-
ample 3 is shown in Fig. 15. Fig. 15 is an explanation
view on the basis of video images showing the defor-
mation of the actuator. In this comparative example, the
flexible sheet member was a polyurethane sheet (width
5 mm, length 20 mm and thickness 0.20 mm), to which
no electrolyte was doped. The electrodes were made of
polypyrrole. Applied voltage was 800 V (4 MV/m). Fig.
13 shows deformation of the actuator immediately after
applying voltage and that after several seconds elapsed
from applying voltage.

[0059] According to Figs. 14 and 15, the deformation
of the actuator, whose electrodes were made of carbon
nano fibers, was much greater than that of the actuator,
whose electrodes were made of polypyrrole. However,
the deformation of the actuators shown in Figs. 12 and
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13 were greater than those shown in Figs. 14 and 15
due to the electrolytes.

(Example 4)

[0060] Example 4 is shown in Fig. 16. Fig. 16 is an
explanation view on the basis of video images showing
the deformation of the actuator. In this example, the flex-
ible sheet member was a silicone sheet (width 5 mm,
length 20 mm and thickness 0.20 mm), to which sodium
acetate was doped. The electrodes were made of car-
bon nano tubes. Applied voltage was 800 V (4 MV/m).
Fig. 14 shows deformation of the actuator immediately
after applying voltage and that after several seconds
elapsed from applying voltage.

[0061] In the conventional actuator using a silicone
sheet, no deformation was visually observed. By doping
sodium acetate and employing the electrodes made of
carbon nano tubes, the deformation of the actuator was
clearly observed.

[0062] The actuator of the present invention uses the
deformation of the flexible sheet member, so it cannot
be used as a large power actuator. But the actuator can
be effectively used for a switch of a minute electric de-
vice, an angle-changing mechanism of a reflection mir-
ror, etc.

[0063] The invention may be embodied in other spe-
cific forms without departing from the spirit or essential
characteristics thereof. The present embodiments are
therefore to be considered in all respects as illustrative
and not restrictive, the scope of the invention being in-
dicated by the appended claims rather than by he fore-
going description and all changes which come within the
meaning and range of equivalency of the claims are
therefore intended to be embraced therein.

Claims

1. An actuator (20),
comprising:

a flexible sheet member (22) made of a polymer
material; and

a pair of electrodes (24) provided on respective
faces of said sheet member (22),

characterized in that said electrodes (24)
are made of carbon nano fibers.

2. The actuator (20) according to claim 1,
wherein one end of the carbon nano fibers
constituting said electrodes (24) bite into said sheet
member (22).

3. The actuator (20) according to claim 1 or 2,
wherein the polymer material is polyurethane
resin.
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The actuator (20) according to claim 1 or 2,
wherein the polymer material is silicone resin.

A material for electrodes (24) of an actuator (20) of
one of claims 1-4 being made of carbon nano fibers.

Use of carbon nano fibers as electrodes of an actu-
ator.

A method of making an actuator according to any
of claims 1-4 comprising applying carbon nano fib-
ers to a surface of a sheet of polymer material.

A method of making an actuator according to any
of claims 1-4 comprising providing a layer of carbon
nano fibers, applying a settable composition over
the layer, and setting the composition to form a
sheet of polymer material.

A method according to claim 7 or 8 which initially
produces sheets of polymer material having carbon
nano fibers only on front faces thereof, the method
including a further step of bonding pairs of such
sheets together by their rear faces.

Use as an actuator of a flexible sheet member (22)
of polymer material provided with layers of carbon
nano fibers (24) on both faces.
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FIG.3

APPLIED VOLTAGE 150V

FIG.4

APPLIED VOLTAGE 200V
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FIG.5

APPLIED VOLTAGE 300V

FIG.6

APPLIED VOLTAGE 400V
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FIG.7

APPLIED VOLTAGE 500V

APPLIED VOLTAGE 600V
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FIG.9

APPLIED VOLTAGE 700V

FIG.10

APPLIED VOLTAGE 800V
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APPLIED VOLTAGE 900V

FIG.12

APPLIED VOLTAGE 800V
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APPLIED VOLTAGE 800V

FIG.14
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FIG.15

APPLIED VOLTAGE 800V

APPLIED VOLTAGE 800V
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